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1
WIRELESS MEMS SENSOR AND METHOD
OF READING THE SAME

TECHNICAL FIELD

The present invention relates generally to wireless sensors
and methods of reading the wireless sensors.

In particular, the wireless sensor is of the type utilizing
MEMS technology (Micro-Electro-Mechanical Systems).

BACKGROUND ART

Wireless sensors have a great deal of potential in numerous
applications that are too expensive or impossible to monitor
by wire. Wireless sensors are divided into battery-powered
active devices containing a radio transmitter, semi-passive
battery-assisted sensors using modulated backscattering
technique, and fully passive sensors. The disadvantages of
active sensors are their high cost and limitations due to the
battery’s lifetime. Existing passive and semi-passive wireless
sensors are based either on silicon-based radio frequency
identification (RFID) or surface acoustic wave (SAW) tech-
nology.

Advanced RFID technology enables low-cost passive and
semi-passive tags (i.e., ID-sensors) with rewritable memory.
Thetechnology can be used to realize general sensor platform
[1] (reference documents are specified in the list of references
appended to this specification), and it has been used to realize
for example temperature [ 2] and shock [3] sensors. The RFID
technology has some drawbacks in sensor applications. The
power rectifier that generates the required power for the IC
limits both the highest operation frequency and the largest
distance. Therefore, passive RFID tags are not feasible in
applications where a high operation frequency or a large
interrogation distance is required. High frequency enables the
small antenna size and precise spatial localization of the tag.

SAW tags offer several advantages when used as a sensor:
they are small, withstand harsh environment, enable a rela-
tively long reading distance, are passive, and are inherently
sensitive to some quantities without external sensor elements
[4]. A disadvantage with SAW sensors is that they are expen-
sive compared to silicon-based sensors due to higher prices of
piezoelectric substrates. In addition, the highest operation
frequency of a SAW sensor is limited by the line width of the
metal pattern printed on the piezoelectric substrate and it is
typically a few GHz.

The intermodulation distortion of MEMS devices have
been studied in several articles. The intermodulation distor-
tion in capacitive MEMS switches is approximated in [10]
and [11]. These models assume small MEMS cantilever dis-
placement and high bridge impedance and neglect the
mechanical quality factor of the MEMS. More comprehen-
sive analysis presented in [12] takes also fifth order non-
linearities into account. Another approach based on Volterra-
series is presented in [13]. An analytical model for
intermodulation distortion due to contact heating in contact-
ing MEMS switches is presented in [14]. In addition, the
MEMS mixer-filters [15]-[18], also called mixlers, share
somewhat similar operating principle to the proposed MEMS
sensor.

Existing passive and semi-passive wireless sensors are
based either on silicon-based radio frequency identification
(RFID) or surface acoustic wave (SAW) technology. The
RFID technology has some drawbacks in sensor applications.
The power rectifier that generates the required power for the
IC limits both the highest operation frequency and the largest
distance. Therefore, passive RFID tags are not feasible in
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2

applications where a high operation frequency or a large
interrogation distance is required. High frequency enables the
small antenna size and precise spatial localization of the tag.

A disadvantage with SAW sensors is that they are expen-
sive compared to silicon-based sensors due to higher prices of
piezoelectric substrates. In addition, the highest operation
frequency of a SAW sensor is limited by the line width of the
metal pattern printed on the piezoelectric substrate and it is
typically a few GHz.

DISCLOSURE OF INVENTION

Therefore, it is an object of the present invention to provide
a new wireless sensor and a method reading the same.

According to an aspect of the invention, the wireless sensor
comprises a MEMS resonator and an antenna directly
matched thereto.

According to another aspect of the invention, the method of
reading the wireless sensor comprises illuminating the wire-
less sensor with electromagnetic energy at a first and second
frequencies and receiving an intermodulation signal emitted
by the wireless sensor in response to said electromagnetic
energy at the first and second frequencies.

Therefore, the invention provides a new wireless sensor
and a method reading the same.

The invention also has several embodiments that may pro-
vide certain advantages over the previously known wireless
sensors and their reading methods, at least in view of some
particular measurement applications.

According to an embodiment, a passive wireless sensor or
tag can be realized with the well-established MEMS technol-
ogy. This wireless MEMS sensor enables very-low manufac-
turing costs, long reading distance, high frequencies, and
compact tag size. In addition, the wireless sensors can be
passive requiring no embedded electronics.

According to an embodiment, the wireless sensor, when
illuminated at two harmonic frequencies, produces an inter-
modulation frequency, which is emitted to the reader. The
interrogation method of the proposed sensor is somewhat
similar to the harmonic radar concept, which was first pro-
posed for traffic applications [5] and later was used for track-
ing insects [6]-[8]. However, as compared to the harmonic
radar, the proposed method enables a smaller frequency offset
between the transmitted and received signals which eases to
fulfill the frequency regulations and facilitates circuit design.
The interrogation method is proposed, for example, for auto-
motive radars to detect pedestrians, bicyclists, and other road
users who are high risk to serious injury in traffic accidents
[9].

According to an embodiment, the MEMS device uses an
electrical matching circuit and potentially very high mechani-
cal quality factor of the MEMS to maximize the intermodu-
lation distortion. These phenomena are neglected in the mod-
els presented in [10] and [11], while the complex models
presented in [12] and [13] are unpractical for the purpose of
this paper. Section II derives a simple but comprehensive
model for the intermodulation response of the MEMS device.

According to an embodiment, it is possible to realize pas-
sive wireless low-cost sensors with the advanced MEMS
technology. As compared to the existing passive wireless
sensors, this embodiment offers longer read-out distance,
higher read-out frequencies and inexpensive manufacturing
technology. In addition, the MEMS sensor according to the
embodiment can be designed to be sensitive to a large number
of measurement quantities, such as temperature, strain, air
pressure and humidity.
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According to an embodiment, the sensor can be utilized in
construction engineering for monitoring moisture in building
structures and stresses in bridges and in automotive, traffic
applications for monitoring road conditions and other envi-
ronmental variables, and in mechanical applications for
monitoring strain in for example large ball bearings. In addi-
tion, one appealing application area is medical sensors, for
example sensors to be used inside blood vessels.

Existing wireless sensors (RFID) are limited in read-out
distance due to the power rectifier needed. In addition, fre-
quency over 1 GHz cannot be used without losing the dis-
tance. But the invention and its various embodiments may
help in solving these problems because in many cases a rec-
tifier is not needed and the frequency can be even 100 GHz or
above. The intermodulation signal generated by two RF sig-
nals can also be used to make low frequency ac-dc converter
with a moderate diode and thus more sophisticated long dis-
tance high frequency wireless sensor can be realized. If long
read-out distance is not required, a very low transmitted
power is sufficient. This enables MEMS sensor to be used
e.g., in hospitals. The wireless MEMS sensor differs from
existing sensors because it combines both wireless commu-
nication and sensor in a one silicon chip. CMOS logic is also
used to make the system compatible with the existing proto-
cols. CMOS can be easily integrated with MEMS technology
and even in this case one chip solution can be realized.

According to an embodiment, the wireless MEMS sensor
consists of a MEMS resonator that is electrically matched to
an RF antenna. Two RF frequencies are used to activate the
mechanical oscillation, which modulates the reflected RF
signals. If power supply is needed e.g., for CMOS, the inter-
modulation voltage generated by the MEMS oscillation can
be used as a high efficiency ac-dc converter. The wireless
sensor can be used at least to measure temperature, strain, air
pressure and humidity and possibly several other quantities as
well. The principle of the sensor is described in more detail in
the attached manuscript.

The invention has an embodiment, wherein a passive wire-
less sensor or tag that can be realized with the well-estab-
lished MEMS technology. This wireless MEMS sensor
enables very-low manufacturing costs, long reading distance,
high frequencies, and compact tag size. In addition, the wire-
less sensors can be passive requiring no embedded electron-
ics.

According to an embodiment, a passive wireless MEMS
sensor consisting of an antenna directly matched to a MEMS
resonator can be produced. When the sensor is actuated at two
signals at different frequencies it replies at an intermodulation
frequency. An analytical equation for the mixing efficiency of
a MEMS sensor is derived and verified by harmonic balance
simulations. The concept is demonstrated experimentally and
shown to be feasible for realizing sensors or tags readable
across large distances.

According to the embodiments, similar principle can be
used also to realize passive millimeter wave identification
(MMID) tags with large read-out distance.

In addition, the embodiments of the invention enable sev-
eral other useful applications, e.g., implantable sensor in
human vessel for monitoring blood pressure and heart beat.

The invention has also several other embodiments provid-
ing associated advantages.

BRIEF DESCRIPTION OF DRAWINGS

For a more complete understanding of the present inven-
tion and the advantages thereof, the invention is now
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4

described with the aid of the examples and with reference to
the following drawings, in which:

FIG. 1 presents the equivalent circuit of MEMS resonator
matched to an antenna or generator according to an embodi-
ment;

FIG. 2 presents a schematic layout of the measurement
setup for measuring the reflected intermodulation signal from
the MEMS device according to an embodiment;

FIG. 3 is a photograph of the measurement setup according
to an embodiment;

FIG. 4 presents the measured and simulated conversion
losses of the MEMS device according to an embodiment;

FIG. 5 shows the measured, simulated, and calculated con-
version loss of the MEMS device according to an embodi-
ment as a function of the input frequency difference; and

FIG. 6 presents the conversion loss of the MEMS device
according to an embodiment as a function of the input power
level.

BEST MODE FOR CARRYING OUT THE
INVENTION

According to an embodiment, the wireless sensor com-
prised a MEMS resonator and an antenna directly matched
thereto.

The wireless sensor can be comprised in a single silicon
chip.

In an embodiment, the sensor is a passive sensor and the
single silicon chip does not include a power rectifier nor a
power source.

The wireless sensor can also comprise a logic circuit.

In an embodiment, the wireless sensor comprises a logic
implemented by a CMOS circuit manufacture on a single
silicon chip together with the MEMS resonator and the
antenna.

The MEMS resonator of the wireless sensor typically has
three MEMS parameters: the mechanical quality factor, the
mechanical resonance frequency, and the electrical resonance
frequency. In an embodiment, at least one of the three param-
eters is made sensitive to the measured quantity. The mea-
sured quantity itself can be temperature, strain, air pressure or
humidity, for instance.

In an embodiment, the wireless sensor is adapted to emit
electromagnetic signal at an intermodulation frequency when
illuminated by electromagnetic energy at two different fre-
quencies. This intermodulation frequency may be in the fre-
quency range from 100 kHz to 300 GHz, typically from 1
GHz to 10 GHz. Ranges from 2 GHz to 10 GHz, or 5 GHz to
10 GHz are particularly interesting as the prior solution do not
operate adequately at these frequencies.

An embodiment of the method of reading the wireless
sensor comprises:

illuminating the wireless sensor with electromagnetic

energy at a first and second frequencies; and

receiving an intermodulation signal emitted by the wireless

sensor in response to said electromagnetic energy at the
first and second frequencies.

The first and second frequencies can be selected such that
they are in the frequency range from 100 kHz to 300 GHz, for
example in the range from 1 GHz to 10 GHz. As above,
particularly interesting range is from 2 GHz to 10 GHz.

The method may also comprise measuring the mechanical
quality factor of the MEMS resonator by sweeping the first
frequency and keeping the second frequency fixed.

The method makes it also possible to measure the mechani-
cal resonance frequency of the MEMS resonator by sweeping
the first frequency and keeping the second frequency fixed.
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On the other hand, the electrical resonance frequency of the
MEMS resonator can be measured by sweeping the first and
second frequencies at a same rate.

In case at least one of said measured parameters of the
wireless sensor is sensitive to a measured quantity, such as
temperature, strain, air pressure or humidity, it is possible to
calculate the measured quantity from the measured param-
eter.

In the following, the theory and examples are discussed
more thoroughly.

1. Introduction

2. Theory of the Intermodulating Sensor

2.1. Dynamic Response of Cantilever

Let us consider an electrostatically actuated MEMS canti-
lever or fixed-fixed beam structure. Its dynamic response is
given as [19]

42 (65)]

d
mwx+nd?[x+kx:F,

where m is the effective mass of the cantilever, x is the
cantilever displacement, 1) is the damping coefficient, k is the
effective spring constant and F is the external force affecting
the cantilever. The amplitude of the vibration is given for
harmonic force as [19]

O @

k

x=

8n(©, Wy Q)

where F, is the amplitude of the harmonic force at the fre-
quency o, Q,,=w,,m/m is the mechanical quality factor of the
resonator, and g, is the normalized frequency response given
as

Wip
&n(w, Wm, Om) = »
O(@? — w2)Y?
2] 1+(7]

Wy

©)

where ,, is the mechanical resonance frequency of the can-
tilever. Considering the cantilever as an air-filled parallel-
plate capacitor and assuming that a voltage V is applied over
the capacitance, the electrical force is given as

d VieA  CyV? 4

T Tdx2g-% 28

where €, is the permittivity of vacuum, A is the capacitor area,
g, is the initial gap height of the capacitor, and C =€, A/g, is
the initial capacitance. The displacement is assumed to be
small (compared to g) in the first order Taylor approxima-
tion. When the cantilever is actuated with the voltage V con-
sisting of two sinusoids, V, sin w,t and ¥, sin w.t, the force
contains four harmonic terms and is given as

w
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00’ ®
1V, L
+V Vycos(w, —wp )t —

c o
Fio) ~ ﬁ V1V acos(wy +w) )i —

A2 A2

1 2
— 082w T — —=cos2wsl
2 2

Letus assume that the cantilever is grounded at DC and that
the angular frequencies w;,; and w, are well above the
mechanical resonance frequency ,, of the cantilever mass-
spring system. Then, the DC and high frequency force terms
can be neglected and the amplitude of the vibration in (2) can
be written as

CoV1V20m ©

kg

x= &nlwa, Om, Om),

where w,=0,-m,.

2.2. Mixing Efficiency of MEMS

Consider a MEMS resonator that is conjugate matched
(L=1/(»>*C,) and R =R, +R) to an antenna or equivalently a
generator, as shown in FIG. 1. The resistance R, denotes the
conductor losses and R,, the mechanical power dissipation
due to friction.

The antenna receives powers P, and P, at frequencies m,
and m,, respectively, producing peak voltages Qlﬂ/ZPlRa
and V,=/2P,R. Substituting the voltages into (6) gives

O]
x(1)

8n(Wps Wy O)Sinwat.

_ CoRaN PP, O
kgo

The movement of the cantilever modulates the capacitance,
which can be approximated, when the movement is small, as

Co  CIRANPP, Q ®)
r—X= ————

C
go kg?

ZnWn, W, Qm)sinwat.

When the matching inductance of the equivalent circuit of
MEMS resonator is [=1/(wC,), the reflection coefficient of
the circuit is given as

_ —jwAC JORAC
T 2/R,+jwAC T 2

®

where AC=C-C,,. The reflection coefficient oscillates at the
frequency of w,,, and therefore harmonically modulates the
applied signal. The ratio between the modulated power at one
side band and the received power at one frequency, the con-
version efficiency is

‘A_fz_(Qﬁx/PleQm on o o] 4o
| = 740)3/(% &nln, Wm> Um) | »

where the electrical quality factor is given as Q,=wRC, for
parallel resonance circuit.
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2.3. Equivalent Resistance of the MEMS

The above analysis showed that the conversion efficiency is
proportional to the fourth power of the electrical quality fac-
tor if the electrical resonance circuit is in resonance at both
fundamental frequencies f; and f,, the electrical bandwidth of
the resonator circuit is larger than the mechanical resonance
frequency (w,/Q >wm,,). The electrical quality factoris limited
either by the conductor losses or by the equivalent electrical
resistance of the MEMS resonator. Let us next calculate the
equivalent electrical resistance due to friction neglecting con-
ductor losses. The equivalent resistance of the MEMS is
calculated under conjugate matching, as the highest conver-
sion efficiency occurs in that point. The electrical dissipations
must equal to the mechanical power loss in the MEMS reso-
nator, which is given as

.1 11
Prcar = 2 1152, o

02

Substituting (6) into (11), assuming that P,=P, and setting
mechanical power loss equal to the electrical losses at both
frequencies gives

(12

4kg?
Ry= | —%
w,C3PQ,,

The loss tangent of the MEMS capacitor is given as

a3

The previous analysis neglected the modulation reflection
coefficient which increases in the fourth power of R, (in
parallel circuit) and decreases the power matched to the
equivalent resistance of the MEMS. Therefore, this analysis
underestimates the equivalent resistance. However, (13)
shows that the loss tangent of the MEMS resonator is typi-
cally very low atlow input power levels, and therefore the loss
tangent of a practical system is dominated by conductor
losses. For example, the equivalent loss tangent of a resonator
with k=11 N/m, g,=1.2 um, £ =127 kHz, P=-40 dBm and
Q,,=250i59:107% at 1 GHz.

3. Experiments and Simulations

3.1. Measured MEMS Device

A capacitive RF MEMS switch was used to experimentally
verify the concept. The MEMS switch was bond wired to a
grounded coplanar waveguide. A lumped inductor of 36 nH
(Q=100 at 1 GHz) was soldered in series with the switch in
order to obtain electrical matching. The zero voltage capaci-
tance and the pull-in voltages were measured to be 190 fF and
5V, respectively. The initial gap height was designed to be 1.2
um and the mechanical resonance of the switch was found to
occur at around 127 kHz. The unpacked MEMS device was
kept in vacuum (~1 mBar) during the tests in order to increase
its mechanical quality factor, which was below one at atmo-
spheric pressure. A high quality factor could also be achieved
by using hermetically packed MEMS component.
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3.2. Measurement Setup

A schematic layout of the measurement setup is shown in
FIG. 2. Both tones were generated with signal generators
(Agilent E8257C and E8257D), combined in power combiner
and fed to the MEMS device through a circulator. The gen-
erators were isolated to prevent intermodulation in the gen-
erators. The reflected signal at an intermodulation frequency
was separated with the circulator and measured with spec-
trum analyzer (Rohde & Schwarz FSP). The nominal fre-
quency range of the isolators and circulator is from 1 to 2
GHz, which was slightly exceeded in the experiments. An
attenuator was used in front of the spectrum analyzer in order
to suppress the third-order harmonics generated in the mixer
of'the spectrum analyzer. The signal generators and the spec-
trum analyzer were controlled with a LabVIEW-based soft-
ware (http://www.ni.com/labview/).

A photograph of the measurement setup is shown in FIG. 3.
The measurement setup of FIG. 3 was used for measuring the
reflected signal from the MEMS device at an intermodulation
frequency. The setup in the photograph is wireless even
though the measurements presented in this paper are made by
wired connection.

3.3. Simulated MEMS Device

The purpose of the simulations is to verify the theoretical
results and therefore the simulated circuit is equal to that
presented in FIG. 1. The initial capacitance, the gap height
and the spring constant of the simulated MEMS are equal to
those of the experimental device. The spring constant of the
switch was calculated from

27V%Co (14)

T o8g

and it was found to be k=11 N/m (V,,=5 V is the measured
pull-in voltage). The electrical and mechanical quality factors
as well as resonance frequencies are selected by fitting the
simulated results to the measured ones. Note that the experi-
mental device may suffer from impedance mismatch between
the generator and the MEMS, which is included into electrical
quality factor in the fitting process. The parameters of the
simulated device are listed in Table I. These parameters are
also used in analytically calculated curves.

TABLE I

THE PARAMETERS OF THE MEMS USED
IN SIMULATIONS AND CALCULATIONS.

Zero voltage capacitance Co =190 fF
Gap height go=1.2um
Spring constant k=11 N/m
Mechanical resonance frequency* f,=126.75kHz
Electrical resonance frequency* f, =950 MHz
Mechanical quality factor* Q,, =250
Electrical quality factor* Q.=4

Series resistance of generator and R=220Q
MEMS

Series matching inductance L =147.7nH

*Fitted to the measurements.

The electrical response of the system, including electrical
circuit and the MEMS switch, is simulated with Aplac-soft-
ware (http://web.awrcorp.com/) using harmonic balance
analysis.

3.4. Results

The realized electrical center frequency of the MEMS
device was studied by sweeping both input frequencies, keep-
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ing the frequency difference constant, and recording the
reflected signal at an intermodulation frequency. FIG. 4
shows the measured and simulated conversion loss as a func-
tion of electrical input frequency when the input power is —25
dBm and the frequency difference is 127 kHz.

FIG. 4 shows that the best electrical matching of the experi-
mental device occurs at around 950 MHz. The measured
curve introduces strong and fast varying ripple that does not
exist in the simulated curve. The nominal frequency range of
the isolators and circulator (1-2 GHz) was slightly exceeded
and the ripple may therefore derive from multiple reflections
in the feeding network. However, the overall trend of the
measured curve corresponds well to the simulated one.

The mechanical resonance of the device was studied by
fixing one of the input frequencies and sweeping another.
FIG. 5 shows the measured, simulated and calculated conver-
sion losses as a function of the frequency difference at -25
dBm input power level. The constant frequency is 950 MHz
and the input power level is =25 dBm.

FIG. 5 shows that the simulated and calculated curves are
perfectly aligned and that the measured curve correspond
very well to these. Note that small deviation at high conver-
sion loss values is due to low signal-to-noise-ratio in the
measurements.

FIG. 6 shows the measured, simulated, and calculated con-
version losses of the MEMS device at different input power
levels. The lower input frequency is 950 MHz and the fre-
quency difference 126.75 kHz.

FIG. 6 exhibits a good agreement between the simulated
and calculated curves at small power levels. The analytically
calculated curve would naturally fail at high power levels as
small cantilever movement was assumed in the derivation.
The measured curve introduces approximately 5 dB larger
conversion loss as compared to simulations and calculations
atsmall power levels (<-17 dBm). The mechanical resonance
frequency of the switch was found to drift during the experi-
ments and we assume that the 5 dB deviation between the
measured and simulated curves occurs because the switch is
not excited exactly at its nominal frequency.

4. Utilization as Tag or Sensor

4.1. Detection Distance

The intermodulation conversion efficiency given in (10) of
the proposed MEMS device can be tailored to be extremely
low by increasing the electrical and mechanical quality fac-
tors and decreasing the mechanical resonance frequency and
the mechanical spring constant. Therefore, the detection dis-
tance of such MEMS sensor is not limited by the conversion
loss. For example, considering a MEMS resonator with
Q,=40 and otherwise being similar to that used in the experi-
ments, the conversion loss is 47 dB smaller than that of the
experimental device enabling efficient mixing (10 dB mixing
loss) at =37 dBm input power. Such a device provides
approximately 60 m detection distance at 870 MHz RFID-
band assuming transmitted power of 20 dBm at one frequency
(33 dBm ERP allowed for RFID readers), transmitter antenna
gain of 10 dBi, a sensor antenna gain of 0 dB, and a receiver
sensitivity of =104 dBm. The corresponding link budget cal-
culation is presented in Table II.

TABLE I

THE CALCULATED LINK BUDGET OF A WIRELESS MEMS SENSOR
INTERROGATED WITH A READER DEVICE.

Transmitted power P,=20dBm
Reader antenna gain G, eqder = 10 dBI
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TABLE II-continued

THE CALCULATED LINK BUDGET OF A WIRELESS MEMS SENSOR
INTERROGATED WITH A READER DEVICE.

Free space loss A2

(a) =—67 dB
Sensor antenna gain Giepsor =0 dBi
Received power by the sensor Pepsor =—37dBm
Intermodulation mixing loss L=-10dB
Sensor antenna gain G, psor-= 0 dBI

Free space loss A2
(_) =-67 dB
4nr

Reader antenna gain G, .piger = 10 dBi
Received power at P,=-104dBm
intermodulation frequency

4.2. Wireless Sensor

The presented concept allows wirelessly measuring three
MEMS parameters: the mechanical quality factor, the
mechanical resonance frequency, and the electrical resonance
frequency. Two former parameters are measured by sweeping
one of the input frequencies and keeping the other fixed,
whereas the latter is obtained by sweeping both input fre-
quencies at the same rate.

The wireless sensor can be realized by designing the
MEMS resonator as such that at least one of the three param-
eters is sensitive to the measured quantity, such as tempera-
ture, strain, air pressure or humidity. For example, MEMS
fixed-fixed beam structure could be designed such that the
beam is either stressed or compressed due to change in tem-
perature or strain. The stress affects the spring constant of the
beam changing the mechanical resonance frequency. This
interrogation method with wire is used for example for moni-
toring the mechanical stress in RF MEMS capacitive switches
[20].

Similarly, friction of the unpacked cantilever structure is
related to the mechanical quality factor and is sensitive to air
pressure and humidity. The third possibility is to determine
the measured quantity from the electrical resonance fre-
quency. For instance, consider a MEMS pressure sensor with
cavity backed membrane. The ambient pressure depresses the
membrane affecting the gap height and the initial capaci-
tance. Changed capacitance shifts the electrical resonance of
the LC-circuit.

The above description is only to exemplify the invention
and is not intended to limit the scope of protection offered by
the claims. The claims are also intended to cover the equiva-
lents thereof and not to be construed literally.
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The invention claimed is:

1. A wireless sensor, comprising a MEMS resonator and an
antenna directly matched thereto, the wireless sensor adapted
to emit electromagnetic signal at an intermodulation fre-
quency when illuminated by electromagnetic energy at first
and second frequencies,

wherein at least one of the first and second frequencies is

swept in order to measure a MEMS parameter of the
MEMS resonator, the MEMS parameter including one
of: a mechanical quality factor, a mechanical resonance
frequency or an electrical resonance frequency.

2. The wireless sensor of claim 1, wherein the sensor is
comprised in a single silicon chip.

3. The wireless sensor of claim 2, wherein the sensor is a
passive sensor and the single silicon chip does not include a
power rectifier nor a power source.

4. The wireless sensor of claim 1, wherein the sensor com-
prises a logic circuit.

5. The wireless sensor of claim 2, wherein the sensor com-
prises a logic implemented by a CMOS circuit manufacture
on said single silicon chip.

6. The wireless sensor of claim 1, wherein

the MEMS resonator has three MEMS parameters: the

mechanical quality factor, the mechanical resonance fre-
quency, and the electrical resonance frequency; and

at least one of the three MEMS parameters is sensitive to a

measured quantity.

7. The wireless sensor of claim 6, wherein the sensor is
adapted to provide the intermodulation frequency in the fre-
quency range from 100 kHz to 300 GHz.

8. A method of reading a wireless sensor including a
MEMS resonator and an antenna directly matched thereto,
the wireless sensor adapted to emit electromagnetic signal at
an intermodulation frequency when illuminated by electro-
magnetic energy at two different frequencies, the method
comprising:

illuminating the wireless sensor with electromagnetic

energy at a first and second frequencies;

sweeping at least one of the first and second frequencies;

receiving the intermodulation signal emitted by the wire-

less sensor in response to said electromagnetic energy at
the first and second frequencies; and
measuring the mechanical quality factor of the MEMS reso-
nator by sweeping the first frequency and keeping the second
frequency fixed.

9. The method of claim 8, wherein the first and second
frequencies are in the frequency range from 100 kHz to 300
GHz.

10. The method of claim 8, wherein the mechanical quality
factor of the MEMS resonator is sensitive to a measured
quantity, the measured quantity being at least one of tempera-
ture, strain, air pressure and humidity.

11. The method of claim 10, wherein the measured quantity
is at least one of temperature, strain, air pressure and humid-

ity.
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12. The wireless sensor of claim 6, wherein the measured
quantity is at least one of temperature, strain, air pressure and
humidity.

13. A reader for reading a wireless sensor comprising a
MEMS resonator and an antenna directly matched thereto,
the wireless sensor adapted to emit electromagnetic signal at
an intermodulation frequency when illuminated by electro-
magnetic energy at two different frequencies, the reader com-
prising:

signal generators configured to generate first and second

signals respectively at first and second frequencies, at
least one of the signal generators being further config-
ured to sweep the respective first or second frequency,
wherein the first or second frequency is swept in order to
measure a MEMS parameter of the MEMS resonator,
the MEMS parameter including one of a mechanical
quality factor, a mechanical resonance frequency or an
electrical resonance frequency; and

antenna connected to the signal generators and configured

to illuminate the wireless sensor with electromagnetic
energy at the first and second frequencies and receive the
electromagnetic signal emitted by the wireless sensor in
response to said electromagnetic energy at the first and
second frequencies.

14. A method of reading a wireless sensor including a
MEMS resonator and an antenna directly matched thereto,
the wireless sensor adapted to emit electromagnetic signal at
an intermodulation frequency when illuminated by electro-
magnetic energy at two different frequencies, the method
comprising:

illuminating the wireless sensor with electromagnetic

energy at a first and second frequencies;

sweeping at least one of the first and second frequencies;

receiving the intermodulation signal emitted by the wire-

less sensor in response to said electromagnetic energy at
the first and second frequencies; and
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measuring the mechanical resonance frequency of the
MEMS resonator by sweeping the first frequency and
keeping the second frequency fixed.

15. The method of claim 14, wherein the mechanical reso-
nance frequency of the MEMS resonator is sensitive to a
measured quantity, the measured quantity being at least one
of temperature, strain, air pressure and humidity.

16. The method of claim 15, wherein the measured quantity
is at least one of temperature, strain, air pressure and humid-
ity.

17. A method of reading a wireless sensor including a
MEMS resonator and an antenna directly matched thereto,
the wireless sensor adapted to emit electromagnetic signal at
an intermodulation frequency when illuminated by electro-
magnetic energy at two different frequencies, the method
comprising:

illuminating the wireless sensor with electromagnetic

energy at a first and second frequencies;

sweeping at least one of the first and second frequencies;

receiving the intermodulation signal emitted by the wire-

less sensor in response to said electromagnetic energy at
the first and second frequencies; and

measuring the electrical resonance frequency of the

MEMS resonator by sweeping the first and second fre-
quencies at a same rate.

18. The method of claim 17, wherein the electrical reso-
nance frequency of the MEMS resonator is sensitive to a
measured quantity, the measured quantity being at least one
of temperature, strain, air pressure and humidity.

19. The method of claim 18, wherein the measured quantity
is at least one of temperature, strain, air pressure and humid-

ity.



